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I. INTRODUCTION 


The purpose of this experimental research 1S to 
determine if it is possible to destroy the high degree of 
Spatial coherence of a laser source and yet maintain the 
Pe abomaie cOMerence Ch Elje ficld. The concept of partial 
Gomerence has become important in almost every branch of 
physics. At the Naval Postgraduate School, the motivation 
meomeeGreating an Incoherent source 1S in connection with 
atmospheric effects on laser propagation. 

For simplicity, coherence theory is usually discussed in 
terms of complete coherence or complete incoherence. 
However, each of these limiting extremes describe artificial 
@emcepts which are only mathematical idealizations. This 
thesis deals with partial coherence, the intermediate state 
between complete coherence and complete incoherence, 

Because tne theory of partial coherence involves 
Statistical aspects of electromagnetic theory, functions 
used in the study of partial coherence deal with average 
values of parameters describing the electromagnetic field. 
The correlation functions that are applicable to spatial 
coherence are described as well as the fundamental concepts 


of coherence, 


10 


The classical method of Young's double slit experiment 
was used to measure the spatial coherence of the source. 
Several diffusive materials were placed between the laser 
and the double slits in an attempt to degrade the spatial 
coherence of the laser. The experimental observations and 


results P@anewomecenecea . 


Ihab 


Pe bdo eA ~CONSIDERATIONS 


Pe. Seo hee COHBE ENCE 
The concept of spatial coherence can be most clearly 
understood by considering two points of an electromagnetic 


cenmjeowave., li-twoepoints, P(r, ,t) and P( t), lie on the 


Loy 
same wavefront of a given e.m. wave, then the difference 
between the phases of the electric fields at the two points 
1S zero at time t = 0. If the phase difference remains zero 
monet > Ope tnem thestwo poimts are perfectly coherent. If 


this occurs for any two points on the wavefront then the 


wave has perfect spatial coherence. 


Bs TEMPORAL COHERENCE 

Temporal coherence of an e.m. field exists if the phase 
difference between two points in the field, P(r, ,t,) and 
P(r, ,to5), remains constant for different times, ty and Eo - 
If this happens for any time interval, then the wave has 


perfect temporal coherence. 


er COHERENCE TIME AND COHERENCE LENGTH 

Another interpretation of temporal coherence involves 
the coherence time, At, which is the reciprocal of the 
frequency bandwidth. If the light source is perfectly 


monochromatic, the bandwidth is zero and the coherence time 


LZ 


is infinite. This is an idealization that Cannot escunmi: 
practice. However, a wave behaves as if it is 
monochromatic, or gquasSi-monochromatic, if the relevant time 
interval for a particular situation is much snorter than the 
coherence time. The coherence time can be thought of as the 
time interval over whicn the phase of the wave can be 
predicted. If the coherence time is large, the wave has a 
nigh degree of temporal coherence. 

The longitudinal spatial coherence can be interpreted in 
terms of the coherence length, c4t. If the coherence lengtn 
1S much larger than the distance between two points lying on 
a radius from a quasSi-monochromatic light source, then a 
Single wave train can extend over the entire separation. 

The disturoances at each point are highly correlated. 
However, if the separation between the two points 1S much 
larger than the coherence length, then many wave trains with 
different phases will lie between these points. In this 
case, the disturbances at the two points are totally 
independent of each other and they are considered to be 
longittdinaliy iImeoneremer 

The amount of lateral spatial coherence can be 
determined by meaSuring the superposition of the e.m. fields 
of two laterally spaced points in the distant radiation 
field. If a quasi-monochromatic source illuminates two 


apertures on an opaque surface, the apertures serve as a 


ieee) 


source of secondary Huygen wavelets which will generate an 
interference pattern in the Fraunhofer region. The spatial 
pemerenco ls Drewortlonal to the modulation of this 


interference pattern. 


D. COMPLEX ANALYTIC SIGNAL 

Svelto [Ref. 1] introduces the Complex Analytic Signal 
by starting with a complex representation of a polychromatic 
light field. This approach treats the e.m. wave as a scalar 
meolaewithetinear polarization. Using a Fourier expansion 


mae secal field variable is 


Vio i Cotes = 5 | V(r ,Ww) exp(-lwt)dw . (1) 


Time mawense relmatiomship for equation (1) is, 


: x > : 
ace is real, We ar) Vl (Yow, which suggests that 


only the positive frequency spectrum is required since the 
negative frequencies do not add additional information. 


Therefore, the complex analytic signal is defined by, 


lohe asterisk symbol represents complex conjugate. 


14 


a |b 


i V(r,w) exp(-liwt)dw . (3) 
0 


The intensity of the beam in terms of the analytic signal 


is, 


where the brackets indicate a time average over a time 


interval that is long compared to the coherence time. 


E. MUTUAL COHERENCE FUNCTION 

The function used for the analysis of the most basic 
coherence effects in optics 1s the "mutual coherence 
fungiton. Wolf [{Ref. 2] defines the mutual coherence 


OMe: 1 Onwas 
* 
Ty 5 (2) = Sve (eee ee, (5) 


where V,(t) and V.,(t) are the complex field disturbances at 
two different points and t 1S a time delay. Other notations 
include Dey tae P(r) 70577) and Vinita V(r ,/ttt) to 


explicitly emphasize the spatial dependence of the 


Vchiamed oD bess 


ES 


i; COMPLEX DEGREE OF COHERENCE 
ieee eo ot oOrmmon meme muctual coherence function 15 


Known as the “complex degree of coherence" and is defined 


as, 
My5 (Tt) Pi, (Tt) 
Yy9(1T) = ee EE (6) 
12 wees in /2. 7 wa /2 ’ 
[T, (0) T55 (0) ] [I, 1,] 
where from eqn. 4 and eqn. 5, 
* 
a — ee eee = ; Waa aaa a ee ° 
ts 45 9) <v4(t)V. (t) (3 ) (7) 


From eqn. 7 and the Cauchy-Schwartz inequality the values of 
the modulus of Mo) lie between 0 and 1. The disturbances 
at at and an SreomeOnoleeread LO De conerent if LY¥yo (7) | = l, 
and they are incoherent i1f 1Y¥y5 (1) | Oven vier oO < I¥yo ft) | 
< l, partial coherence exists. A summary of the values for 
IY¥y5 (4) 1, which 1S known as the "degree of coherence", is 
listed in Table l. 

Im addition, a first-order correlation function between 
two different points, r, and r. at the same instant of time 


sb 2 


can be defined as, 


* 
T,5(0) = <v,(t) V (t)> . (3 ) 


Zz 


The corresponding normalized function Y¥z 2 (9) is defined as, 
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TABLE I 


SUMMARY OF DEGREE OF COHERENCE 





1Y¥45 (7) | = 0 INGoOner Sire. ent 


Ouarc lyzofl ik Partial Cénbewenee 
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Mga Oe) COnerents Lia. 
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¥z 2 (0) = eames re 


where Pig = r(rj,,r,,0). The quantity ¥19 (0) 1s called 
the "complex degree of spatial conerence." For partially 
coherent light, ¥12 (0) decreases from the value 1 (where 

> ry) to zero as |r, - r,| increases. One of the primary 


goals of this thesis is to measure the degree of spatial 


conerence, ly, (9) |. under various experimental conditions, 


ig 


Ill. MEASUREMENT Gb SS Pa PA eC Orie, 


A. YOUNG'S INTERFEROMETER 

One method used to measure the degree of spatial 
conerence, b¥,9 (9) |, petween two points of a light wave is 
through the use of Young's double slit interferometer. In 
addition to demonstrating the measurability of 1¥y> (0) | this 
experiment illustrates its significance. Figure 1 shows a 
Simplified experimental set-up consisting of a quasi- 
monochromatic source illuminating two parallel, narrow, 


closely spaced slits S,. and S5 + When symmetry exists, the 


T 
segments of the primary wavefront arriving at the two slits 
wlll oe exactly in phase, and the slits will constitute two 
coherent secondary line sources. If the optical path 
difference” is less than the coherence length, the waves 
emitted from the slits will interfere and form a fringe 


pattern in the plane of observation. The interference at 


point P and at time t will result from the waves emitted 


L 
from the slits from points Sy and So at times t - =! and 
L 
t - _ . The interference fringes become more distinct as 


the correlation between the two analytic signals increases. 
L L 
Z 


The analytic signals are VIS,, ie - =] and VIS5, Ge pa | 


eee ee ee ee eee eee 


- & where n 1S the index of 


2OPD = oi — al 1) 
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IS) c PRINGE Vio Pattee 


If point Q is chosen in the Observation plane ofr tee 


such that L, = Los the visibility of the fringes around Q 


iL 


will give a measure of the degree of spatial coherence 


between points Sy and S.5 for a zero time delay. The Fringe 


Visibility, as formulated by Michelson [Ref. 3], descriones 


the quality of the fringes produced by the interferometer. 


3 


The Fringe Visibility~™ at point Q 1s defined as, 





I = . 
max il 
max min 

where Lee and Lain ate the maximum intensity of a bxrigie 


fringe and the minimum intensity of an adjacent dark fringe, 
respectively, in the region of Q. If the two slits produce 

the same illumination at point Q and if the wave has perfect 
Spatial coherence, then ae = Q and F.V. = 1. For the@eeee 
in which the analytic signals at Sy and S5 are completely 


incoherent, I = J F.V. = 0, and the fringes 


max mane 
disappear. For partially coherent illumination the 
Visibility of the fringes decreases as the point of 
ooservation is moved away from the central maximum of the 
pattern. If the path difference, L5 - by, 1S increased 


beyond a certain limit, the visibility diminishes 


— 


3 the notation for visibility is often denoted by serum 


Zl 


completely. These odpservations make it clear that 1t 1s not 
adequate to state simply that coherent light interferes and 


incoherent light does not interfere. 


C. RELATIONSHIP BETWEEN F.V. AND soe eo 

Wie visibtlpey Ob etme fringes, F.V., and the degree of 
spatial coherence, et) are related mathematically. 
Memeoti slits Produce different illumination at point P, 
I, Pee ie —VvistOilityeer Che fringes at point P is given 


Dy 


ee 

2(1,I5) 

SS = ee ee Glin) 
eT + I, eZ 


If the two slits produce equal illumination at point P, 


Poe | 


1 ZOO! = 


Ga 
PeVe = J¥y9(t) 1 (12) 


Therefore, by measuring the amount of interference as 
determined by the fringe visibility at a point such that 

Ly = Los the degree of spatial coherence, 1¥49 (9) 1, between 
two points, § 


1 and Soy can be obtained. A proof of eqn. 12 


1s contained in Appendix A. 
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See THE VAN CITTERT-ZERNIKE THEGee 

In 1936 van Cittert showed that the ootical disturbance 
is normally distributed in a plane that 18 1!luminated ya 
incoherent, nearly monochromatic S0U0G= 3a O ao) ne 
theorems in his paper [Ref. 4] shows the relationship 
between the correlation in the illuminated plane witn tne 
intensity distribution across the source plane. Van Cittert 
calculated exact partition fEunctions which show etn 
correlation between amplitudes in different points without 
introducing a degree of coherence. This method osecomes 
adifficult when dealing with general optics problems. 

F. Zernike [Ref. 5] resolved this difficulty by Staimiieee 
with a fundamentally different definition of incoherence. 
He stated that "Two vibrations of light shall oe called 
incoherent if thelr superposition gives no visible 
interferences." Zernike used Young's experiment to show 
that the interference fringes gradually disappear as the 
Separation between the oinholes becomes greater. The 
fringes disappear completely with a broad source. For 
intermediate sizes of the source the fringes do not 
disappear, but they are less visible than with a point 
source. In this same paper Zernike stated that "the degree 
of coherence of two light vibrations shall be equal to the 
Visibility of the interference fringes that may be obtained 


from them under the best cirecumstanees. lien. seo 


Zs 


circumstances” suggests tnat the pinnoles are equally 
illuminated and only small path differences are introduced. 
Tne usefulness of Zernike's concept 1s that the degree of 
coherence can be calculated directly from the illumination 
miata. 

The mathematical formulation of these concepts, known as 


the van Cittert-Zernike Theorem, can de easily summarized. 





Zernike [{Ref. 6] introduced the "mutual intensity", Jyo51 and 
defined it as, 
ik(R,-R.) 
S digi 2 
Ji9 = fuss a as , Clee 
‘lear, 
0 
where k 1S the wave number and Ry and Ro denote the 
distances between a point, S, on the source, o, and two 
Permits in tne observyacion plane. The “complex coherence 
Pier or’ , Hioe is, 
ik(R,-R.) 
- il e LZ 
Mian papa 2 fw , aaa 
lee 
0} 
where 
x Z I(s) 
I, = Jqy | ae: aS 
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and 


are the intensities at Py and Po. 

If the time delay is small, such that t™ << 1/74V) ome 
the mutual intensity and the spatial mutual coherence 
function can be considered equal. The mutual intensity 


becomes, 


* 


= . == 
J15 12 (0) <V} (t) V5 ed 


Similarly, the complex coherence factor becomes, 


In5 


u = y¥ Con = So SS SS : Ce 
LZ EZ (I, Oe eee 


Therefore, the correlation between the vibrations at anyvemeee 
eleauigues P, and Pq in the field can be described by the mutual 


intensity, Jy91 and the complex coherence factor, Myon 
gGuantities which depend on the positions of the two points 


and Mot on Ehe Eimerd tereea near 
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IV. BAPERIMENTAL CONDITIONS 


A, HEOQUIPMENT DESCRIPTION 

Figure 2 is a schematic diagram of the apparatus used to 
measure and record the intensity distribution of the far 
field interference pattern of Young's double slit 
experiment. An HP 425A micro-ammeter (Figure 3) was set at 
3 nanoamps for all readings and the photomultiplier voltage 
was adjusted between 0-500 volts on the HP 6515A DC power 
supply to scale the intensity properly on the X-Y Recorder 
(Figure 4). An RCA 1P21 photo-multiplier tube was mounted 
on a micrometer slide (Figure 5) which, when rotated by 
hand, moved the photo-multiplier across tne observation 
plane. A 5 cm scan of the photomultiplier on the micrometer 
Slide corresponded to 21.9 cm on the abScissa of the X-Y 
recorder. A narrow slit (.24 mm wide) aperture was used on 
the photo-multiplier to get an average value of the light 
field. A blue filter (.488 um) was mounted over the slit on 
the photomultiplier tube to remove noise from extraneous 
light sources. 

A Spectra-Physics Argon-Ion laser, model 262, OEM ooo 
h = .488 um) was used as the light source (Figure 6) to 
optimize the detection of the interference pattern. The 


Bote mule iohmeretuse (S=4 Soectral response) has a higher 
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Figure 3. Micro-Ammeter and Power Supplies for Detector 
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Figure 95. Photomultiplier Mounted on Micrometer Slide 
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Argon Ion Laser 


Figure 6. 


Guantum efficiency, 7%, for biue light and is therefore 
better suited for the argon-ion laser. Initially, a helium- 
meon laser was used. When the beam of the He-Ne laser 

(A = .633 um) was attenuated by a diffusive medium, the 
noise became significant due to the low quantum efficiency, 
.4%, of the S-4 tube for red light. Figure 7 shows the 
quantum efficiency as a function of wavelength. Figure 8 
shows the intensity measurement for a 43 milk/water solution 
placed between the He-Ne laser and double slit. Clearly, 
the noise masks the interference pattern when uSing the 


He-Ne laser with the RCA 1P21 photomultiplier. 


Ie EXPERIMENT #1 

vO UlnGe as double slit experiment was used to measure the 
degree of spatial coherence of the light field with a 
diffusive medium inserted between the laser and the double 
Se1ts. —Geoumd Glass,"a combination of ground glass and opal 
glass, and opal glass were used (Figure 9). Figure 10 shows 
a diagram of this experimental set-up. 

Inserting the diffusive medium into the laser beam 
caused a high degree of scattered light. In order to 
prevent the scattered light from reaching the detector it 
was necessary to make an enclosure for the double slits and 
diffusive medium. This was done by using two boards drilled 
with apertures and attaching a black cloth cover to the 
boards. The boards were painted black to reduce optical 


reflections, 
32 


Photocathode Spectral Response Characteristics 


eam oe a 
L on SS eee 
Saab ae Se 
nD ane ase lULLU[e 


oe 


mA/W 


Sas Per. 
Poet 


PHOTOCATHODE RESPONSIVITY -- 





WAVELENGTH — am 
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A far field lens was not included in the initial 
experimental set-up. The maximum spacing between the double 
slits and the photo-multiplier was 3.7 meters due to the 
limited size of the working area. An arbitrary boundary for 
the Fraunhofer region was determined using the Rayleigh 


range equation, 





R = ’ (ioe 


where Wa is the beam waist. For the argon ion laser with a 
.5 mm beam walst, the Rayleigh range is 6.4 meters. 
Therefore, a spacing of 3.7 meters does not satisfy the far 
field condition. Using mirrors to extend the separation 
between the slits and the photo-multiplier created alignment 
problems and introduced astigmatism. However, placing a 
convex lens with a 98.6 cm focal length after the double 
slit resolved the far field problem. In addition to 
ensuring Fraunhofer diffraction, the lens made it possible 
to plot the principal maximum as well as two sudSidiary 
maxima of the diffraction pattern. 

Placing the diffusive medium at different positions 
between the laser and the double slits altered the fringe 
visibility. Therefore, the conerence of the light 
vibrations from the slits changed since F.V.° = l¥y5(t) | £Gai 


eqn. 12. 


a, 


The interference patterns were plotted on the X-Y 
Boecmeemeayectowly rotating tne handle on the micrometer 
slide, thereby moving the photomultiplier across the 
observation plane. Several scans were necessary to adjust 
Piemenoronubitormter yoltage and to correct the alignment of 
the double slit and diffusive material. The overhead lights 
were turned: off for each measurement. The zero baseline was 
ootained by covering the aperture on the cloth enclosure and 
making a measurement with the laser on, removing the effects 
of extraneous light from the experiment. Figures 11 through 
18 show some examples of the interference patterns made for 
each diffusive medium placed at different intervals from tne 
@em@eme Slits. Vables 2 through 4 give a tabulation of the 
Peemge Visibility results for greund glass, opal/ground 
glass, and opal glass, respectively. The fringe visibility 
Poo wecavculamed uSimeg eqn. Ll. Figures 19 through 21 display 


4 OPeeIeeleerenece Versus distance to the double slits 


pLots 
mer ground Glass, Opal/ground glass, and opal glass. In 
each case there 1S a minimum in the curve. For opal glass 
this minimum occurs at 17 cm from the double slits and will 
be referred to as the "position of incoherence." 

A modification of experiment #1 involves placing a 
collimating lens between the opal glass and the double slit. 


4 the curves connecting the data points were computer 
generated using an (N-1)-order polynomial fit, where N is 
the number of data points. 
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TABLE II 


FRINGE VISIBILITY RESULTS FOR GROURD esr. 





Distance (cm) ee I ate Fringe Visibility 
10 Saleen) is « 2a 
20 110 tes: . 760 
30 oe 1 678 
40 LWPS 10 855 
50 116 Gra > .894 
*D O i ig id Sees | 4 « Fam 


* Interference pattern reduced 73%. 
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TABLE 


FRINGE VISIBILITY RESULTS FOR OPAL GLASS/GROUND GLASS 


a imax 
18 104 
ic) LAR) 
ies (lS os 

ba) Aah 
oo E.9) 
30 PE 
40 Lane 


* 


“min 
89 

100 
9165 
O65 
Soa. 
81 


or. 5 


Interference pattern reduced 7%. 
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TABLE IV 


FRINGE VISIBILITY RESULTS FOR OPAL GEASS 





Distance (cm) ee ee Fringe Visio i iia 
10 ae): 3) 4 5 ~ Aa 
a Hanae, 0.5 . 2a 
wien iE 6h): 110 ~004 
18 7 83 . OF 
20 roy 86.5 . Loe 
25 BOs. 5 85 . 038 
30 2 12e, 5 ~214 
40 104 35.5 7498 
50 IOs, 34 -e2 4 
60 109s OF es: -20 8 


* Interference pattern reduced 73. 
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Figure 22 shows the interference pattern EO wea ogee 
opal glass placed at 30 cm and 35 cm, respectively, from pea. 
double slit. The pattern shows a significant amount of 
coherence degradation, however, the factors contributing to 
the triangular shape of the interference pattern are 


un Known. 


or. EXPERIMENT #2 

Tne geometrical significance of the spacing between the 
double slits and the diffusive material was investigated dy 
replacing the diffusive material with a single slit. Figure 
23 shows the interference pattern with the single slit 30 cm 
from the double slits. Table 5 shows the fringe visibility 
results and Figure 24 1s a graph of coherence vs. single 
slit distance from the double slits. From this graph it is 
evident that the coherence remains high for all slit 
positions although the coherence increases slightly with 
increasing distance from the double slits. 

A modification of this experiment involves replacing the 
Single slit with a pinhole made by tapping a small hole ina 
piece of sheet metal. Figures 25 and 26 are samples of the 
interference patterns made with the pinhole placed at 
various distances from the double slits. Table 6 lists the 
fringe visibility results and Figure 27 shows a graph of 
coherence vs. pinhole distance from the double slits. The 


position of the pinhole affects the coherence and produces a 


aes 


Gz 


4L4S apqnog pue ,edg uaamMzag Suay] BulzeulL, {OJ YZLM U4aZ}ed BDUdUafuayzuUT 


[JNO] SONVISIO 


O07? Qt Ol gO 090 90- Ol- Gi- Oc- 
ee Cee nn > | ee ed —-- j t 


"22 aunb ty 


gT- 
+-O0 


-tO 


vO 


-90 


8O 


Ot 


AUSNALNI Q3ZPIVWYON 


34 


GZ 





\y 


4LLS ALqnog WOus WD CE FL(S apburs sof Us4a}Teg JDUdVaJ4a UT 


UND] SONVLSIO 
Qt O1 70 00 90- Olle. gi Oz 


(iy Sf —— 


"€2 aundt 4 


Qz- 
‘-O0 
ZO 
Ps 
© 
U 
ro <. 
> 
ea 
Ni 
(T] 
©) 
= 
T] 
-90 Z% 
3 
8'0 


Ol 


25) 


1LLS abuts uop aouezsiq SA adUauaYyO) JO Od “pz aunbrs 


[WO] AONVISIA 
0°Oe 0°S2 0°02 OST O°Oy 


0°O . 






2 0 


TWdO ONIOVIddY LIS ATSNIS 


¥0 


9°0 


80 


o's 


SLTIS OL LSId SA dONAYAHOO 


Nida 


APO SES, 


56 


TABLE V 


FRINGE VISIBILITY RESULTS BOR 
REPLACING DIFFUSIVE MATERIAL 


Distance (cm) 


a a a a Se 





{2 


Ihe 


20 


22 


30 


Max 
114 
105s 


124 


Ta 


100 


2) 


Fringe Visibi Wai 
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TABLE VI 


Beeeich VISIBIblTyY RESULTS FOR PINHOLE 
REPLACING DIFFUSIVE MATERIAL 








Distance (cm) Lae ae she 3, Mele 1S Men Maen, 
1 Q oF) S0ks5 oe 
Le Jia Bo. 5 eS oy, 
iL) 114 BL ey 
20 Tees: ile - 740 
25 | 92 cas. 5 
30 99). 55 a eae wo 
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emo wen mendes esimllar tO tne opal data resuits in 


Baigure 21. 


D. EXPERIMENT #3 

The spot size of the laser beam on the diffusive 
Material is another geometrical factor that might influence 
the location of the “position of incoherence" of the 
diffusive medium. The significance of the beam size was 
investigated by using two different positive lens 
configurations to increase the beam diameter from 1.5 mm to 
feoemmeana trom 1.5 mm €O 3.6 mm. This was accomplished py 
placing a beam expander between the laser and opal glass. | 

A measurement of the beam diameter was made by placing 
the photomultiplier tube at the double slit position and 
removing the double slits. Figures 28 and 29 show the 
Gaussian profiles for the 1.5 mm beam and the 2.9 mm bean, 
respectively. The horizontal line indicates the Bae 
intensity position used to measure the beam diameter. 

Figures 30 through 33 show some samples of the 
interference patterns for opal in the expanded beams at 
varlous positions from the double slits. Table 7 lists the 
fringe visibility results and Figure 34 shows a graph of the 
coherence of opal in a 2.9 mm beam as a function of distance 
Eo ehomeeUp omelet SweTabie 8 lists the fringe visibility 
calculations and Figure 35 shows a graph of the coherence 
for opal ina 3.6 mm beam at various distances from the 


double slits. 
G2 


4 


O07 


Qt 


6 Oe ee 


(ww G*T) weag uase] MEY WOOF ALLJOUd UeLSSNeY 


[ND] SONVLSIO 
Ol gO o0 9 0- O1- QI- 


eed 


"82 aunbly 





ALUSNALNI G2ZFIVINGON 


8) 


Weag UaTowelq ww G°2Z wOF B9L[LJOUg uRLSSNeY “62 9unNbLy 


UNO] AOUNVILISIC 
4 O07 Qt Ot 90 00 9 0- Ol- ais Ot- Gc 
ee ‘-00 


-fO0 


yO 


90 


80 


ISNSLNI G3 ZliVAWdON 


64 





(weag WW 6°Z) WO /T ze [edQ vO} UUDTPed BUDVIJUaUT 


[ND] SONVISIO 
O1 90 00 9 0- ole gt- 


"og aunbly 


Oc- 


qT- 
-00 


-€0O 


-¥O 


90 


80 


Ot 


AUSNALNI G3 ZITVIWEON 


ous) 


(weag wu 6°z) wo ge 7e Ledg uwoOJ U4 eg BDUGUaJUaJUT “TE sunbl4 


UND] SONVLSIO 
VL Ol g0 00 9 0- ON QI- Oia Qv- 


gz O? ‘ 
a 1 
_ 
\ 


00 


Ol 


ALSNAINI Q2ZTIVWYON 


66 


GZ 


O? 


( 


weag wu gf) WO TZ ze LedQ uoOy U4azyeg BDUdVapuaqUT *zE aunblL4 


WNO] SONVILSIO 


Qt O1 90 00 9 0- O}- Qgi- OC- 
eee ee a ea — i U 


gc- 


‘-00 





ISNALNI G3 ZT IVWWYON 


Gy) 


gz 


O07? 


(weag wwg'c) WO Oy 7e LedQ uOJ UU9Zed BDUDNAJUa}UT “EE aunb 14 


IND] AONVLSIGC 
Qt O1 gO O00 90- Ol- Qt- OT- 
esc a 


gT- 


00 


cO 


vO 


90 


80 


Ot 


ALUSNALNI C3ZTIVWYON 


68 





TAB Eee 


FRINGE VISIBILITY RESULTS Sto. or 
GLASS IN A 2.9 MM BEAM 





Distance (cm) ee Lat Fringe Visibility 
10 eS) ee vo , 0GZ 
LS oe 80 = Oe 
VF 84 Ta .044 
20 Soe Bises . 15 
Zs 7) 75 .048 
30 93 aw 8 aS os 
B5 Sh 5 oor: . 028 
40 935 S35 .056 
45 Sas 74 05") 
50 80 Gn > . 085 
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TAB aie ela 


FRINGE VISIBILITY RESULTSe poner 


GLASS IN A 3.6 MM BEAM 


Max 
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* Interference pattern reduced 7%. 
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Figures 34 and 35 show that thew sos 0 aienerers 
incoherence" is no longer restricted to a single point when 
the beam diameter is increased. For a 2.9 mm beam the 
region of maximum coherence degradation appears to lie 
between 25 and 35 cm from the double slit. For a beam 
expanded to 3.6 mm, the average coherence degradation was 
94% over a “region of incoherence" extending between 15 and 


30 cimenprom. tne doublemomia 


es ERROR ANALYSIS 
ie alignment 

The experiment was very sensitive to alignment. A 
slight angular displacement between the double slits and the 
laser beam introduces a phase difference. A symmetrical 
interference pattern occurs only when segments of the 
primary wavefront arriving at the two slits are exactly in 
phase. The amount of angular displacement was reduced by 
utilizing the method of retro-reflection to obtain symmetry. 
That is, the reflected beam from the glass enclosing the 
double slits was adjusted with the incident beam so as to be 
GColligeaee 

In order to maintain equal illumination Gn orn 
slits the diffusive material must be aligned normal to the 
incident laser beam. If the diffusive medium is not 
perpendicular to the beam, the maximum intensity of the 


diffused beam will be displaced from the center of the 


3 


fom eGeteSs Guento Felraction. Again, retro-reflection was 
used. 


ee oCemousry I Yeemotttewidth of the Photomultiplier 
Aperture 


The photomultiplier integrates the incoming signal 
a omeaneewiaen of the Slit. ideally, for an infinitely 
narrow aperture slit, the fringe minima for a conerent 
Memeeomuri tl towen the Zero baseline. However, a finite slit 
width effectively integrates unwanted sections on either 
side of the minima of the incoming Signal. Therefore, a 
"true" minima cannot be attained in the interference 
pattern. Figures 36 through 38 show the interference 
patterns without a diffusive medium for a pinhole aperture, 
a narrow slit aperture (.24 mm), and a wide slit averture 
(l mm), respectively. The width of the narrow slit 
approximately equals the diameter of the pinhole, therefore 
the coherence calculations are similar for the pinhole and 
narrow slit. The maximum coherence value measurable with 
Bie NaerOw aperture is IY 5 (7) | Sao nemo reGct of ene 
aperture slit width is less than or equal to 6%. The 
maximum attainable coherence value for the wide slit 
aperture is IT, 5(*) | =o ehbomresults in a false 
coherence degradation of as much as 27%! Therefore, the 
aperture size iS an important consideration and the 
dimensions should be made as small as experimentally 


possible. 
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The effect various slit widtns have on coherence 
measurements can be determined analytically. Integrating 
the incoming signal of the form, f(x) = Sin x, over an 


aperture slit width of B-A gives, 


F(B-A) = " homes = = (CoS B - cos A) : (17) 
A 


Normalizing and using a half-angle trigonometric identity, 


F(B-A) mon >(B+A) an =(B-A) 
BoA ———— i. nn (18) 








Choosing (B+tA)/2 = 1/2, eqn. 18 becomes, 


F(B-A) 2 sin +(B-a) 
ee (19) 
BoA BoA 


Equation 19 is the modulation transfer function for a slit of 
width B-A. The periodicity of the interference fringes 1s 
2.51 mm/cycle. Therefore, the .24 mm slit corresponds to 
BOSoweyetes Of 256 radians. SubStitWting B-A = .6 radians 
into eqn. 19 gives F(B-A)/(B-A) = .985. Therefore, 1.5% of 
the original 6% coherence degradation is due to finite slit 


width and the remaining 4.5% is due to other factors. 
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Similarly, for the lomm slit, F(B-A)/ (2-3 
Therefore, of the original 27% conerence Geagradasion, 24... 
due to the finite slit width and 3% 1s due to factors such as 
scattered light. 

Figure 39 shows a plot of the coherence for opal 
glass for fringe visibility calculations computed uUusingaiame 
flat baselines compared to the coherence calculations 
computed uSing baselines corrected for slit width and 
scattered light. Figure 40 shows an interference pattern 
with the corrected baseline indicated with a dotted line. 
Figure 39 shows that the degree of coherence is not affected 
Significantly by the effect of the narrow slit aperture and 
scattered light. 

3. Scattered Light 

In addition to the finite slit widtn, scattered 
light produces additional errors in the coheremec 
measurements. Scattered light collected by the photo- 
multiplier as well as internal reflections in the far field 
lens and the interference filter are error sources. In 
order to estimate the magnitude of the errors, the degree of 
coherence was measured before and after utilizing the lens 
and filter in the experiment. The lens-filter combination 
reduced the coherence from lY¥y5(t) | —ewo 7? tO l¥y9{t) 1 = .94; 
therefore, it appears that the lens and filter account for 


approximately 3% of the coherence degradation. 
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IiMiemioOuomemolit,y teselt, introduces stray light into 
the experiment. If the slit material is not 100% opaque to 
the incident laser beam, a small portion of the beam will 
pass directly through the region between the slits. The 
glass casing for the double slit also introduces multiple 
internal reflections that contribute to the scattered light. 

The lenses used to expand the beam in experiment #3 
resulted in an additional 2% reduction of coherence. The 
maximum degree of conerence attainable with the 2.9 mm deam 
was ea Gao = oO 2e 

Extraneous light sources, such as equipment pilot 
lights and the laser glow discharge, were a major source of 
error. These sources were shielded from the photo- 

Met eielier with tne use Of tape and cloth. The cloth 
enclosure proved to be an effective method for preventing 
the scattered light from reaching the detector. 

4. Fringe Visibility Measurements 

A slight phase difference can be detected if the 
fringes in the interference pattern do not have the same 
height on both sides of tne central maximum. Perfect 
symmetry was an ideal and rare occurrence. The assymetry of 
the pattern introduces errors in measuring the maximum and 
minimum intensities for calculating the fringe visibility, 
and hence, the coherence. The central fringe maximum does 


not always coincide with the diffraction maximum. 
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Tnerefore, the value of tne difEfraction maxaiwun was 
determined and equated to oe in -@xdexr tO Sekina TA 


consistency in the measurements. The value for I was 


min 
found by averaging the minimum values on poth sides of the 
central fringe. A graph overlay (10 x 10 Squares per haif 
incn) provided the means to measure the maximum and minimun 
intensities. The readings were made to the nearest .025 
incn (one half square) with an accuracy of940. 0) memes 
This corresponds to a 1.4 oercent error in the conerence 
calculations due to intensity measurements. 
5. Double Slit Measurements 

USing a traveling microscope and averaging a series 
of measurements, the slit separation, a, was .209 + (002i 
and thes slact sw Giang) Wels 00 Cee wee0 Orme 

The parameters a and b can also be determined 


analytically from the interferencespattern. ihe spacer 


the fringes 1s, 


wnere A = 488 nm, S = 1.033 m, and AY = 2.51 mm. Thereneeee 
the calculated slit Separation 1s .201 mm, in good agreement 
with the .209 mm measured value. The location of the first 


diffraction zéro iS Obtained fromernomee lap lomeauener 


ie 8 


| > 
~; 

NO 
te 


sa) cae= 


wnere for small angles, sin ® = tan @ = da/S, and d equals 
the distance from the principal maximum to the first 
eeeeaeemon cero, Using d= 11.5 mm, the calculated slit 
width, b, equals .044 mm compared to the measured .06 mm. 
Comparing the calculations obtained from the 
Seometry Of tne interference pattern with the measured 
values results in an error of 3.8% for a, and 26.6% for b. 
Maewlarge Crror in calculating the slit width is attriduted 
momene Gaussian intensity of the beam illuminating the 
Soummewsliit. The antensity is not uniform across the slit 
width. By increasing the peam diameter the Gaussian 
intensity pattern begins to approach the shape of the "ton 
mee Cimction OVer tne width of the slit. Figure 41 
Gompares the single slit diffraction patterns for the 1.5 mm 
beam and the 3.6 mm beam. For a 3.6 mm beam, the 
diffraction minima moves closer to the central maximum. The 
ae eae wit 1S .052 mm, reducing the error to 13.3%. 
Therefore, the beam diameter must be large compared to the 
slit width in order to achieve agreement between the 
experimental single slit diffraction pattern and the 
theoretical, uniformly-illuminated, single slit diffraction 


ees ES egy - 
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From the results of this experiment it can be concluded 
that the spatial coherence of a laser source can be degraded 
eee ieheacm l= 54 Dye piecing an Opal diffuser at a 
specific position (17 cm) between the laser and the dounls 
Slit. Increasing the beam diameter incident on a diffuser 
eliminates the sharp minimum in the coherence vs. distance 
curve and reduces the spatial coherence over a broad range 
of laser to diffuser distances. For a beam expanded to 
3.6 mm, the average coherence degradation was 94.7% over a 
"region of incoherence" extending over a 10cm interval. 

Future researcn 1S necessary to determine tne effect 
different experimental geometries have on the degree of 
Spatial coherence and to justify the behavior of the 
incoherence location analytically. In particular, the van 
Cittert-Zernike theorem should be applied to the calculation 
of the degree of spatial coherence. Suggested modifications 
of the experiment involve changing the distance between the 
laser and double slit, utilizing various sizes and widths 
for diffusers, and expanding the laser beam to larger 
diameters. Future investigations should include use of a 
digital frequency analyzer to sample and process data on a 


Nectar trealeememe basis. 
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APPENDIX A 


PROOF THAT FLV. = |y55 (7) 


To show that the fringe visibility at point P o€ Pigure 
1 is equal to the degree of coherence of the electric field 
between points S, and S5, the superposition of the analytic 
Signals from tne two points must be determined. The 


anal y Gl Cwege Gwent” nse, 


V = K,V(S),5 Ic -t,) + K5V(S5, 12 -t.) - (Al) 
a ae 
where ae and tog =: According to Beran and Pazrrent 


[Ref. 7] the Ky and K 5 Factors are independent of time, 


inversely proportional oelaweanaee and dependent on the 


iL 2s 


size of the slits and the angle to P. The intensity P, from 


eqn. 1, ISMieiv camey , 


k k k 
I= <“VoO> = Dee) 12 IT. (t) ar 2K1K>5 Re nev (S , jibe (S5,t) >] 


(A2) 


where t = t - t. ance) = t. - ty. l 


intensities at point P due to the emission from point S,; and 


i and I, are the 


© fiat S5 alone. The term inside the brackets is the mutual 
coherence function as defined in eqn. 5. Therefore, 


eqn. A2 becomes, 
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* 


ik = Ty + [I 7 2K, K5 Re wet) ; Re 


Z 


Wiehoeeend Seer emmade sto COlncide, the normalized mutual 


I Ze 


coherence functions from eqn. 7 become, 


* 


Py 4 (0) = SY os, ve ee 


and 


k 
M59 (0) = <V 5 (Ct) Vo Co) 2 ae (A4) 


Wetogeeduacleom o.and noting that, 


= iy e2 2 2 1/2 
(A5) 
eqn. A3 becomes, 
Peale tees 2[]. TI | 142 ens (a) (Ao) 
. 2 ‘ae JEY : 


If Zernike's "best circumstances" are used from Chapter 
Qi ae eB) (I, = I, = I and the path differences are small), and 


1f the complex degree of coherence 1S written in the form, 


Yoo (td) = I¥y2')] expli¢ s(t], (A7) 


eqn. A6 can be written as, 
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1 = 2 ieee l¥y9 7) | cos o49(T)] 


From eqn. 10, tne fringe visibility becomes, 


210. + 114517) ee 
PMS 29TD # [yl + A= py yp) 
Therefore, 
ee ye = lyz2‘t) | 
89 
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